This study estimated the wheat yield, quality, and growth conditions using hyperspectral data of the later grain filling and heading stages. The study area is located in the suburbs of Mullewa, Western Australia. Various data used included spectral reflectance of wheat measured from the ground and those measured using airborne sensors, wheat growth conditions data, such as LAI, SPAD values, and wheat height, and sample analysis data, including biomass, grain nitrogen content rate, leaf nitrogen content rate, and ash content, of the later grain filling and heading stages. This study consisted of (1) selection of estimation items regarding the wheat yield, quality, and growth conditions by correlation analysis of sample data, (2) definition of estimate equations for selected items, (3) verification of estimation accuracy, and (4) development of estimation maps. As a result, head moisture, which is related to the wheat growth conditions, was well estimated using hyperspectral data of the later grain filling stage. At the same time, grain weight, which is related to the wheat yield, and grain nitrogen content rate and ash content, which are related to the wheat quality, were well estimated using hyperspectral data of the heading stage. This study implies that it is possible to visualize the wheat yield, quality, and growth conditions on a regional scale using hyperspectral data.
INTRODUCTION
Australia plays a key role to ensure food security of Japan. Approximately 90% of wheat consumed in Japan is imported from overseas countries. Among all countries, Australia is the thrid most important country because raw materials used to produce noodles in Japan are imported mostly from Australia. However, the Australian wheat production is vulnerable to natural disasters such as droughts. Therefore, it is desirable to develop the growth monitoring system to ensure the stable Australian wheat supply in the future.
Profitable agriculture requires efficient and precise estimation method for crop growth monitoring. Spaceborne sensors with a high wavelength resolution can improve the efficiency and precision of the estimation. The Ministry of Economy, Trade and Industry (METI) of Japan plays a leading role in the development of the satellite-borne hyperspectral sensor, HISUI (Hyper-spectral Imager SUIte), and researches on fundamental technology for hyperspectral data's applications in various fields such as energy, natural resources, agriculture, forestry, and the environment. In the field of agriculture, hyperspectral imaging is experimentally used to estimate the yield, quality, and growth of rice and wheat. Accordingly, we evaluated methods to estimate the wheat yield, quality, and growth conditions using ground-based and airborne hyperspectral data of the later grain filling and heading stages in Western Australia.
STUDY AREA
The study area is located in the suburbs of Mullewa, Western Australia ( Figure 1 ). The area is approximately 480km² with mostly flat land features, and is mainly used for wheat, canola, and lupin fields which size is several square kilometers. 
DATA USED
The first field survey was conducted in the late October, which is around the same time as the later grain filling stage of wheat, of the year 2009 (Table 1) . Ground-based hyperspectral data were acquired between October 14th and 16th using the FieldSpec Pro and FieldSpec Pro FR (ASD Inc., the U.S.), portable hyperspectral sensors, while airborne hyperspectral data were acquired in October 29th using the HyMap (HyVista Corporation, Austraria), an airborne hyperspectral sensor.
The second field survey was conducted between the late August and early September, which is around the same time as the heading stage of wheat, of the year 2010 (Table 1) . Groundbased hyperspectral data were acquired between August 25th and September 2nd using the FieldSpec 3 FR and FieldSpec Pro FR, while airborne hyperspectral data were acquired in September 6th using the HyMap. 
Specifications of Ground-based Hyperspectral Data
To acquire ground-based hyperspectral data and conduct plant sampling, the total 30 and 33 quadrats (10m by 10m) were installed for the later grain filling and heading stage observations respectively. In the field surveys, the reflectance spectra were measured at northwest, southwest, and southeast corners of each sample quadrat. To acquire typical spectral data, two sets of ridge, furrow, ridge and furrow were repeatedly measured from approximately 1m above a head of wheat ( Figure 2 ). The measurement wavelength ranged from 350nm to 2,500nm, and the wavelength resolution was 1nm. 
Specifications of Airborne Hyperspectral Data
For the airborne surveys using the HyMap, the flight height was 2,250m, and the number of flight lines was nine. The observation wavelengths ranged from 440 to 2,480nm. The number of bands was 126, and the wavelength resolution was approximately 20nm. The view angle was 60 degrees, and the spatial resolution was about 4.2m.
Acquisition of Wheat Growth Conditions Data
For the later grain filling stage observation, the Leaf Area Index (LAI) and wheat height were measured at each sample point of the 30 quadrats around the same time as the ground-based reflectance spectra measurement. Wheat samples were also collected in the field. The number of wheat heads were counted, and the wet and dry wheat weights were also measured. After threshing, the wheat grain weight was measured, and 15 components, including the grain nitrogen content rate, were analyzed.
For the heading stage observation, the LAI, SPAD values, and wheat height were measured in the 33 quadrats around the same time as the ground-based reflectance spectra measurement. Wheat samples were also collected in the field. The number of wheat heads was counted, and wet and dry wheat weights were measured. After threshing, the wheat grain weight was measured, and 17 components, including the leaf nitrogen content rate, were analyzed. For the year 2010, wheat samples were collected again from October 14th to 19th, which is during the harvesting stage. The number of wheat heads, grain weight, and biomass were measured, and 17 components, including the grain nitrogen content rate, were analyzed.
METHODS
This study involved (1) estimation items selection, (2) estimation equation derivation, (3) estimation accuracy verification, and (4) estimation map development. Regarding the estimation equation derivation, the PLS regression was used for the heading stage observation only ( Figure 3 ). 
Estimation Items Selection
The sample wheat data were analyzed to examine correlations between wheat features, and estimation items that are related to the wheat yield, quality, and growth conditions were determined. The sample wheat data of the heading stage were collected around the same time as ground-based and airborne hyperspectral data acquisition. The sample wheat data of the harvesting stage were also analyzed to examine correlations, and estimation items that are related to the wheat yield and quality were estimated.
Estimation Methods
For the later grain filling stage observation, (1) known vegetation index, (2) normalized differential spectral index (NDSI) (Inoue et al., 2008) , and (3) multi regression analysis were examined. For the heading stage observation, (1) known vegetation index, (2) NDSI, (3) multi regression analysis, and (4) PLS regression analysis were examined. Using these estimation methods, correlations between the reflectance spectra measured using the FieldSpec and the HyMap, and the selected estimation items were examined. Finally, an estimation equation was derived from the analysis results.
Estimation Accuracy Verification
For estimation items that implied a relatively high degree of conformance, the estimated values and actual measured values were compared, and the estimation accuracy was verified.
Estimation Map Development
For estimation items that implied a relatively high degree of conformance, estimation maps that cover the entire study area were developed based on the HyMap hyperspectral data. Table 2 shows correlation coefficients between the sample wheat data. For the grain weight, which is related to the wheat yield, an extremely high correlation between the dry stem weight and biomass (the total dry weight of head and stem) was determined (R: 0.9 or higher). The correlation between the grain weight and the number of heads was also determined (R: 0.76). For the grain nitrogen content rate, which is related to the wheat quality, a weak correlation with LAI was determined (R: 0.59). For the head moisture, which is related to the growth conditions, correlations with other estimation items were not determined. Biomass and LAI were also selected as estimation items, and the estimation methods using hyperspectral data were examined for these selected items (Figure 4 ). Table 3 shows correlation coefficients between the sample wheat data. For the grain weight, relatively high correlations with biomass of the heading stage and biomass of harvesting stage were determined (R: about 0.7). For the grain nitrogen content rate, a very high correlation with leaf nitrogen content rate was determined (R: 0.83), and correlations with LAI and SPAD values were also determined (R: about 0.7). For the ash content, which is related to the wheat quality, correlations with other estimation items were not determined. Biomass, LAI, SPAD values, and leaf nitrogen content rate were also selected as estimation items, and the estimation methods using hyperspectral data were examined for these selected items ( Figure 5 ). Table 4 shows estimation results of the selected estimation items using the three estimation methods. For the head moisture and LAI, the multi regression analysis using the FieldSpec and HyMap showed a relatively high determination coefficient (R²: 0.6 or over). In the multi regression equation for the head moisture, the short wavelength infrared region (SWIR) was selected. However, the previous case study of rice indicated that the reflectance ratio of SWIR increases as the head moisture decreases (Shibayama and Akiyama, 1989). Therefore, it is possible that a similar situation will occur to the case of wheat. For the known vegetation index for the LAI, the cellulose absorption index (CAI) indicated a relatively high determination coefficient, and the wavelength band around 2,200nm was selected for the multi regression equation.
RESULTS AND DISCUSSION
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For the grain weight, nitrogen content rate, and biomass, all estimation methods showed a low determination coefficient. This situation implied that it is difficult to develop an estimation equation. Depth of water absorption band Table 5 shows estimation results of the selected estimation items using the four estimation methods. The grain nitrogen content rate, SPAD values, and leaf nitrogen content rate indicated a high determination coefficient (R²: 0.8 or over). The multi regression analysis was the most appropriate method for the grain nitrogen content rate, while the PLS regression was the most appropriate method for the SPAD values and leaf nitrogen content rate. The grain weight, ash content, biomass, and LAI also indicated a relatively high determination coefficient (R²: 0.6 or over). The multi regression analysis was the most appropriate method for the ash content and LAI, while the multi regression analysis using the FieldSpec was the most appropriate method for the grain weight and biomass. For the HyMap, the PLS regression using the HyMap was the most appropriate method for the same estimation items. The accuracies of grain weight, grain nitrogen content rate, and ash content of the heading stage, and head moisture of the later grain filling stage showed a high degree of conformance, and their estimation accuracies were verified (Table 6 ). 
Heading Stage
Estimation Accuracy Verification
For the grain weight, grain nitrogen content rate, ash content, and head moisture, estimated values and actual measured values were compared. In order to verify influences of soil texture differences, comparison results were separately plotted based on soil color ( Figure 6 ). For example, the head moisture in a red color soil area is usually low (approximately 10%), and the growth speed is generally high. The magnitude relation of quadrats was mostly replicated. At the same time, The grain weight, grain nitrogen content rate, and ash content indicated that the estimated values well corresponded to the actual measured values. The determination coefficients for these items were 0.66, 0.81, and 0.70 respectively. Indirect estimations through the biomass, LAI, and SPAD values showed a good degree of conformance. However, these indirect estimation results did not exceed direct estimation results. For the grain weight, grain nitrogen content rate, and ash content, relations with soil color were not observed. 
Estimation Map Development
Estimation maps of the grain weight, grain nitrogen content rate, and ash content were developed by applying the developed estimation model to the entire HyMap data considering local conditions of the study area. In the same manner, an estimation map of the head moisture was also developed (Figure 7) . The estimation map corresponded to the distribution pattern of soil color. The red color soil area indicated a low degree of head moisture, while the yellow color soil area showed a high degree of head moisture. To sum up, it is possible to visualize the wheat yield, quality, and growth conditions on a regional scale using the hyperspectral data of the heading and later grain filling stages. 
CONCLUSION
Estimation methods for the wheat yield, quality, and growth conditions were evaluated using both the ground-based and airborne hyperspectral data of the suburbs of Mullewa, Western Australia. This study revealed that the head moisture was well estimated by the multi regression analysis using the hyperspectral data of the later grain filling stage. This also indicated that the grain weight was well estimated by the PLS regression analysis, and the grain nitrogen content rate and ash content were well estimated by the multi regression analysis using the hyperspectral data of the heading stage. To sum up, this study achieved certain results of the development of the monitoring method for the wheat yield, quality, and growth conditions using hyperspectral data of the later grain filling and heading stages. For the future, the estimation accuracy will be improved by modifying the estimation methods. It is also possible that the estimation methods will be examined in different regions.
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